Achieving 1806 magnetization reversal with an electric field rather than a current or magnetic field is a fundamental challenge and represents a technological breakthrough towards new memory cell designs. Here we propose a mesoscale morphological engineering approach to accomplishing full 1806 magnetization reversals with electric fields by utilizing both the in-plane piezostrains and magnetic shape anisotropy of a multiferroic heterostructure. Using phase-field simulations, we examined a patterned single-domain nanomagnet with four-fold magnetic axis on a ferroelectric layer with electric-field-induced uniaxial strains. We demonstrated that the uniaxial piezostrains, if non-collinear to the magnetic easy axis of the nanomagnet at certain angles, induce two successive, deterministic 906 magnetization rotations, thereby leading to full 1806 magnetization reversals. E lectric fields, rather than magnetic fields or current, are required to control magnetic moment directions in order to achieve minimum power consumption in spintronics devices. Multiferroic magneto-electric (ME) materials 1-23 are prime candidates for such electric field controlled magnetic switching. However, the application of single-phase multiferroic ME materials is challenged by requirements, such as room temperature operation and strong ME effects. Therefore, multiferroic ME heterostructures comprised of ferromagnetic and ferroelectric layers are increasingly being explored as candidate materials [1] [2] [3] . Indeed interesting interfacial coupling mechanisms such as charge/orbital modulation [4] [5] [6] , exchange coupling 7, 8 , or/and elastic coupling via strain transfer [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , have been discovered in different multiferroic ME heterostructures. Among them, the elastic coupling mechanism is simple and promising since the strong ME coupling between two ferroic layers at room temperature can be achieved and mediated via the strain transfer across their interfaces. For example, this strainmediated ME coupling mechanism has been demonstrated to be responsible for modulation of the magnetism by an electric field in a number of ME heterostructures (e.g., see refs. 9-23).
E lectric fields, rather than magnetic fields or current, are required to control magnetic moment directions in order to achieve minimum power consumption in spintronics devices. Multiferroic magneto-electric (ME) materials are prime candidates for such electric field controlled magnetic switching. However, the application of single-phase multiferroic ME materials is challenged by requirements, such as room temperature operation and strong ME effects. Therefore, multiferroic ME heterostructures comprised of ferromagnetic and ferroelectric layers are increasingly being explored as candidate materials [1] [2] [3] . Indeed interesting interfacial coupling mechanisms such as charge/orbital modulation [4] [5] [6] , exchange coupling 7, 8 , or/and elastic coupling via strain transfer [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , have been discovered in different multiferroic ME heterostructures. Among them, the elastic coupling mechanism is simple and promising since the strong ME coupling between two ferroic layers at room temperature can be achieved and mediated via the strain transfer across their interfaces. For example, this strainmediated ME coupling mechanism has been demonstrated to be responsible for modulation of the magnetism by an electric field in a number of ME heterostructures (e.g., see refs. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
In strain-driven ME heterostructures, of paramount challenge is the reproducible and controllable 180u magnetization reversal with electric fields. Strains only result in at best a rotation of magnetization by 90u in an individual magnetic domain, which is also nondeterministic 24 . Therefore, in most cases, strain-induced switching is limited to 90u or is assisted by a magnetic field or spin transfer torque 5 . Alternatively, Iwasaki 25 proposed an interesting analytic model to show that the four-fold symmetric magnetocrystalline anisotropy could assist stress-driven magnetization reversal in magnetostrictive films, which required epitaxial or highly textured magnetic films to keep the four-fold symmetric magnetocrystalline anisotropy of magnetostrictive crystals. Recently, Roy et al. 26 proposed a binary switching model to reverse the magnetization in an elliptical cylinder shaped Terfenol-D nanomagnet; but a rather higher uniaxial stress is required to drive the magnetization switch out-of-plane at first and then a fast ramp rate is needed to promise the magnetization not to backtrack, in order to accomplish a magnetization reversal. Any step beyond these limitations represents an important breakthrough towards a new memory cell design. In this work, we propose a mesoscale morphological engineering approach to achieving 180u magnetization reversal using electric fields by utilizing magnetic shape anisotropy. As an example, we design a patterned ME heterostructure of a flower-shaped single-domain nanomagnet with four-fold symmetric anisotropy on a ferroelectric layer. Using phase field simulations and thermodynamic analysis, we demonstrate that a 180u magnetization full reversal with pure electric fields can be accomplished by producing two successive, deterministic 90u switches in the patterned single-domain nanomagnet if the easy anisotropy axis of the nanomagnet is non-collinear but cants at an appropriate angle with electric-field-induced magnetoelastic axis. Our finding would provide a simple and novel approach towards 180u magnetization full reversal by electric fields.
Results
Artificial multiferroic ME heterostructure. The proposed ferromagnetic nanostructure with a four-fold symmetric shape anisotropy on top of a ferroelectric layer is shown in figure 1a , where the long axis (marked with red dashed line) is tilted at an angle a away from the y direction (see figure 1b) . For illustration, the Ni/ PMN-PT heterostructure is used as an example. A large anisotropic in-plane piezostrain in the PMN-PT layer produced by an electric field is imparted on its upper Ni layer through interfacial mechanical coupling [12] [13] [14] [15] [16] [17] 24, [27] [28] . The phase field method 14 (see Method section) is used to model the electric modulation of magnetization in this patterned Ni/PMN-PT heterostructure.
The size dependence of magnetic domain structures obtained from the simulations showed that the single-domain state can be stabilized for the patterned artificial Ni nanodot at sizes smaller than 204 nm and 136 nm for the long and short axes. These sizes are large enough for future experimental preparation for validation. The magnetization of the Ni nanodot in the as-grown state can be stabilized along one of the two long axes determined by the four-fold symmetrical shape anisotropy (also termed as configuration anisotropy, see ref. 20) . Shown in figure 1c are four equivalent initial states of the magnetization vector distribution in the Ni nanodot, stabilized from a random distribution. Although not entirely uniform, they can be regarded as single-domain states, and the average orientation of the magnetization distribution in these states are along the long axis of the shape anisotropy. Next we take one state with an orientation angle of Q 5 67u (i.e., with a tilted angle a 5 23u; m 1 5 0.36 and m 2 5 0.92) as an example to demonstrate the magnetization reversal in the Ni nanodot driven by piezostrains via elastic coupling.
Electric field induced 1806 magnetization reversal. The piezostrains transferred to the Ni nanodot along the y direction (see figure 1b) can be generated by applying an electric field on the engineered (011)PMN-PT layer [12] [13] [14] [15] [16] [17] 24, [27] [28] . First, under a negative electric field, which induces a tensile strain e y (see figure 2a) along the y direction, m switches away from the initial state , precesses, and then shortly (about in 10 ns) stabilizes at state with m 1 5 0.97 and m 2 5 20.21 (figure 2b), i.e., m switches by 79u clockwise. Second, under a positive electric field which induces a compressive strain 2e y , m precesses again and stabilizes at state with m 1 5 20.21 and m 2 5 20.97, i.e., m switches by 90u clockwise. After the removal of the electric field, even though the piezostrain is volatile and becomes zero, m relaxes to its nearest shape-anisotropy determined state with m 1 5 20.36 and m 2 5 20.92. Consequently, the magnetization finishes a full 180u reversal through successive switching in the same direction from state to state . This 180u magnetization full reversal from state to state driven by a pair of negative and positive electric field pulses is repeatable, i.e., after another pair of negative and positive electric field pulses, m finishes another full 180u reversal from state back to state , as exhibited from 140 ns to 245 ns in figure 2b. In addition, during each electric-field-induced precession attenuation process, as seen from figure 2b, m 3 fluctuates around zero with a small amplitude and stabilizes at zero eventually after a short time, i.e., m lies in the plane of the Ni film.
Discussion
Mechanisms of the electric field induced 1806 magnetization reversal. To further understand the piezostrain-driven 180u magnetization reversal, the total free energy F is plotted as a function of the orientation angle of m (see equation 2) assuming uniform magnetization distribution in the Ni nanodot and fully transferred strain from the ferroelectric layer underneath 29 . For the as-grown Ni nanodot, the energy polar diagram obtained from thermodynamic analysis shows that the magnetization orientation should be along one of the long axes of the shape anisotropy. In the example discussed above, the initial m is assumed to lie in the first quadrant with a 5 23u, shown in the energy polar diagram of state in figure 3a. First, the magnetization is switched away from its initial orientation by the tensile strain on the Ni nanodot along y axis arising from the piezostrain of the (011) PMN-PT layer. The energy polar diagram for the Ni nanodot (see in figure 3a ) under the tensile piezostrain of e y indicates that m prefers to switch clockwise to the energy minima in the fourth quadrant due to the energy barrier (DE 5 E 2 2 E 1 ) on the left of the initial m. Similarly, if continuously applying an electric field pulse on the PMN-PT layer to generate a compressive strain on the Ni nanodot, the corresponding energy polar diagram (see in figure 3a) indicates that m prefers to continuously switch clockwise away from its previous orientation to finish an almost 180u magnetization reversal. Then, after removal of the electric field, m switches a small angle from state to state , i.e., to the energy minimum in the third quadrant on the reverse direction of the initial m, finishing a full 180u reversal. The magnetization vector diagrams (see figure 3b ) from the phase-field simulations clearly demonstrate the full 180u reversal. Similarly, if the tilted angle a has a negative value (i.e., a 5 223u), both the phase field simulations and thermodynamic analysis showed that the magnetization can also accomplish a full 180u reversal by two successive anti-clockwise switching driven by piezostrains. The piezostrain-driven 180u magnetization full reversal is attributed to the synergistic effect of in-plane piezostrain and magnetic shape anisotropy. An important feature of this piezostrain-driven magnetization full reversal is that two magnetic states at 0u and 180u magnetic states ( and ) are stabilized by the shape anisotropy rather than the piezostrain, thus they would not degrade and be not volatile when piezostrains are completely relaxed.
Tilting angle of the patterned nanomagnet. For determining the key factors that enable the 180u magnetization full reversal, we calculate the energy barrier DE 5 E 2 2 E 1 (see states and in figure 3a) which is critical for the unidirectional switching of m. We define a deterministic factor DE/k B T (k B being the Boltzmann constant and T the temperature set at 298 K). Similar to the thermal stability factor 18, 30 , a deterministic factor of higher than 40 is required. Figure 4 shows the calculated deterministic factor as a function of the tilted angle a. For the first m-switching from state to , figure 4 indicates that the deterministic factor increases with jaj and is larger than 40 when 11u , jaj , 45u. On the other hand, for the switching from state to , there is a narrow optimal range of jaj, i.e., 16u , jaj , 37u. Therefore, to ensure the magnetization switching of this Ni nanodot from state to through two successive, unidirectional rotations under thermal fluctuation, the tilted angle a should be about 16u , jaj , 37u.
Strength of the shape anisotropy. Another key factor that enables the 180u magnetization full reversal is the strength of the in-plane shape anisotropy in the patterned Ni nanodot. Although the shape anisotropy can be enhanced by increasing the difference between its long and short axes, it should not be too large in practical applications. First, a large shape anisotropy (i.e., a large ratio of the long axis to the short axis) results in complex multi-domain structures, as shown in figure 5a. The critical value leading to multi-domain state in this Ni nanodot is about 6.553.5. Second, a large shape anisotropy would hinder the unidirectional switching of m. As shown in figure 5b, the energy polar diagrams for the Ni nanodot under tension and compression exhibit four energy minima rather than two, due to the strong four-fold symmetric shape anisotropy. In this case, the magnetization switches by less than 90u clockwise under a compressive strain and switches back counterclockwise under a tensile strain, and thus a magnetization full reversal would not be achieved.
In summary, we have demonstrated a simple and new approach towards the nonvolatile 180u magnetization full reversal by an electric field in a multiferroic ME heterostructure via mesoscale engineering of magnetic shape anisotropy. Phase field simulations and thermodynamic analysis clearly demonstrate that the magnetization in a patterned Ni nanomagnet can be switched unidirectionally to complete a 180u magnetization full reversal under pair of tensile and compressive piezostrains transferred from the ferroelectric layers. The electrically driven 180u magnetization full reversal is attributed to the synergistic effect of the in-plane shape anisotropy of the nanomagnet and strain-mediated ME coupling between nanomagnet and ferroelectric layers. Thus, we expect our finding will stimulate future experimental and engineering efforts on developing electric-field controlled devices based on the patterned multiferroic ME heterostructures.
Methods
Phase-field model. In phase field approach, the spatial distribution of the local magnetization m in the Ni nanomagnet is described by the Landau-Lifshitz-Gilbert (LLG) equation, i.e.,
where c 0 and b represent the gyromagnetic ratio and the Gilbert damping constant, respectively, whereby the real time step Dt (,0.17 ps) for the magnetic domain evolution is determined by Dt 5 Dt (1 1 b   2 )/(jc 0 jM S ) with Dt 5 0.02. H eff is the effective magnetic field given by H eff 5 2(1/m 0 )(dF/dM) with m 0 denoting the vacuum permeability and F the total free energy of the nanomagnet,
where f anis , f exch , f ms , f elastic , and f shape are the magnetocrystalline anisotropy, exchange, magnetostatic, elastic, and shape anisotropy energy densities, respectively. Among them, f anis is neglected for simplicity due to the isotropic nature of the polycrystalline Ni nanomagnet. f exch is determined by the gradient of local magnetization vectors, and f ms is obtained using a finite-size-magnet magnetostatic boundary condition 14, 31, 32 . The elastic energy density is obtained as before 14, 31 . The thickness of the proposed Ni nanostructure is much smaller than its lateral sizes to permit about 15% strain relaxation 33 . This consideration allows the mechanical equilibrium equation to be solved using thin-film boundary conditions 34 and the relaxed 15% strain decreases the interfacial strain transfer efficiency.
The shape induced anisotropy energy for the nanomagnet is expressed as
where K S is defined as the strength of the in-plane shape anisotropy of the patterned nanomagnet 35, 36 . In the in-plane view of the nanomagnet, the energy contour (the blue dashed curve in figure 1b) due to the shape anisotropy (here the ratio of the long axis to short axis is set as 654) indicates the four energy minima corresponding to the two long axes of the shape configuration with K S 5 2.9 kJ/m 3 (see ref. 37) . Note that the shape induced anisotropy field is determined by the size and symmetry of the sample. For instance, for the Ni 80 Fe 14 Mo 5 nanodot with square shape (150 nm 3 150 nm), the shape induced anisotropy field is about 100 Oe 37 . For Ni nanodot with the same shape and size, this shape anisotropy field corresponds to a value of 2.9 kJ/ m 3 for K S . The shape anisotropy of the flower-shaped Ni nanodot here should be stronger than that for the square. Experimentally, the shape anisotropy factor K S can be determined by measuring the hysteresis loops when the applied magnetic fields are along the long and short axes, respectively, or can be directly obtained by the so-called modulated field magneto-optical magnetometer technique 37 . The temporal evolution of the magnetization vectors is obtained by numerically solving the LLG equation. The material parameters used for simulations, including the saturated magnetization, saturated magnetostrictive coefficients, and elastic constants of Ni layer are the same as used before 
